Retroviruses integrated into genomic DNA participate in long-range gene activation from as far away as several hundred kilobases. Hypotheses have been put forth to account for these phenomena, but data have not been provided to support a physical mechanism that explains long-range activation. In murine leukemia virus-induced myeloid leukemia in mice, integrated proviruses have been found upstream of c-myb in three regions, named Mml1, Mml2, and Mml3 (25, 50, and 70 kb upstream, respectively). The transcription factor c-Myb is an oncogene whose dysregulation and/or mutation can lead to human leukemia. We hypothesized that the murine c-myb upstream region contains regulatory elements accessed by the retrovirus. To identify regulatory sites in the murine c-myb upstream region, we looked by chromatin immunoprecipitation with microarray technology (ChIP-on-chip) for histone modifications implicating gene activation in normal cells. H3K4me3, H3K4me1, and H3K9/14ac were enriched at Mml1 and/or Mml2 in the myeloblastic cell line M1, which expresses c-myb. The enrichment of all of these histone marks decreased with differentiation-induced downregulation of the gene in M1 cells but increased and spread in tumor cells containing integrated provirus. Importantly, using chromosome conformation capture (3C)-quantitative PCR assays, interactions between the 5= region, including the promoter and all Mml sites (Mml1, Mml2, and Mml3), were detected due to DNA looping in M1 cells and tumor cells with provirus in Mml1, Mml2, or Mml3. Therefore, our study provides a new mechanism of retrovirus insertional mutagenesis whereby spatial chromatin organization allows distally located provirus, with its own enhancer elements, to access the 5= regulatory region of the gene.
C
-Myb is a transcription factor that regulates hematopoiesis by controlling essential cellular processes, such as proliferation, differentiation, and apoptosis (7, 21) . A role for c-MYB in human T-cell leukemia (T-ALL) has been reported recently, where the gene was found to be involved in translocation and duplication (3, 18) . Altered c-MYB expression also plays a role in human colon and breast carcinoma (6, 13, 37) . These reports followed years of studies in avian and murine models which demonstrated that overexpression or mutations in c-myb can release its oncogenic potential, especially in myeloid cells (30, 40) .
c-myb was a primary target of insertional mutagenesis when Moloney murine leukemia virus (M-MuLV) was inoculated intravenously into adult BALB/c mice following intraperitoneal injection of pristane to induce an inflammatory response (26, 33, 42) . In this animal model, 100% of the tumors were shown to have undergone c-myb DNA rearrangements due to virus integration. Promoter insertion combined with the formation of gag-myb RNA fusions was the most common mechanism of activation. Therefore, an important feature was the ability of the enhancer/ promoter region in the long terminal repeat (LTR) of the provirus to activate transcription from the c-myb locus, bypassing the normal promoter.
In a similar model where pristane-treated DBA/2 mice were injected with amphotropic 4070 virus (41) , two-thirds had integrations directly into c-myb, and additional proviral integration sites were found far upstream of c-myb. These upstream integration sites were mapped to three regions, named Mml1, Mml2, and Mml3, located approximately 25, 50, and 70 kb upstream of the c-myb promoter, respectively (9, 16) . Interestingly, many of these leukemia viruses have a single clonal provirus which was found in one of these regions.
The mechanism by which these proviral insertions in Mml1, Mml2, or Mml3 contributes to leukemia development has been unknown. After the failure to find additional gene-coding regions within this 100-kb region, we hypothesized that the upstream region of c-myb contains regulatory elements that control expression of c-myb at a distance, and perhaps these elements are utilized by the provirus to somehow activate gene expression. We have addressed this model by analyzing histone modifications within this region to identify sites that are potentially involved in positive gene regulation. Indeed, enrichments of histone methylation and acetylation marks, which identify enhancers, were found near proviruses and were associated with c-myb expression. Further analysis of the spatial organization of the same 100-kb region, using a quantitative chromosome conformation capture PCR (3C-qPCR) assay, revealed looping structures that, in tumors, allow integrated proviral LTRs access to the 5= control region of c-myb. This provides the first evidence for a long-range mechanism of retrovirus gene activation through a 3-dimensional chromosome structure.
MATERIALS AND METHODS
Cell lines. The murine myeloid cell line M1 (20) was maintained in RPMI 1640 medium with 10% (vol/vol) heat-inactivated horse serum (Invitrogen). All tumor cell lines (16) established in vitro from granuloma and/or ascites were cultured in Dulbecco's modified Eagle medium with 10% (vol/vol) fetal bovine serum. For interleukin-6 (IL-6) treatment, M1 and tumor cells were seeded at a density of 1 ϫ 10 5 cells/ml in medium containing IL-6. IL-6 stocks were prepared as described previously (32) .
Quantitative real-time PCR analysis. Total RNA was isolated using TRIzol reagent (Invitrogen). cDNA was produced from 1 g of total RNA using a cDNA reverse transcription kit (Applied Biosystems). Quantitative real-time PCR was performed in triplicate with predesigned c-myb gene expression assays (Mm 00501741-m1; Applied Biosystems). Data were normalized to a mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control (Applied Biosystems). Relative quantitation was carried out by the comparative threshold cycle (C T ) method. Statistical analysis was performed using GraphPad Prism 5 software. The Student t test was used on measurements of c-myb expression from M1 and tumor samples from 3 experimental replicates.
ChIP-on-chip analysis. Chromatin immunoprecipitation with microarray technology (ChIP-on-chip) was conducted as previously described (28) . Cells were fixed in 0.8% formaldehyde for 6 min at room temperature. After lysis, samples were sonicated to a size range of 200 to 1,000 bp. Chromatin (150 to 200 g) was immunoprecipitated with antibodies for H3K4me3 (ab8580; Abcam), H3K4me1 (ab8895; Abcam), H3K9/14Ac (06-599; Upstate), CTCF (ab70303; Abcam), H3K9me3 (ab8898; Abcam), H3K27me3 (17-622; Upstate), or rabbit IgG (15006; Sigma-Aldrich). A 10% aliquot was removed as an input fraction. ChIP DNA and input DNA were amplified using a WGA2 kit (Sigma-Aldrich). A total of 2.5 g of amplified DNA was labeled with Cy3 (input) or Cy5 (IP) dUTP (PerkinElmer Life and Analytical Sciences) using the CGH labeling kit (Invitrogen).
Custom 8-by-15,000 tiling arrays (Agilent) contained probes spanning mouse chromosome 10 (chr.10) from bp 020600015 to 021199991 (genome browser-mm8; University of California-Santa Cruz). Probes were designed using eArray (Agilent) and a covered 600-kb region surrounding c-myb (ϳ40-bp spacing). A total of 3 g of labeled ChIP and input DNA was cohybridized to the chip for 40 h at 65°C, washed, and scanned using an Agilent Scanner with Agilent Scan Control 7.0 software. Data were extracted with Feature Extraction 9.1 software and analyzed using ChIP Analytics 1.3 software (Agilent). Normalized and raw data files can be accessed at the GEO database with accession number GSE34770.
3C assay. The 3C-qPCR protocol was performed as described previously (8) , with minor modifications. Cross-linking was performed by incubating 1 ϫ 10 7 cells in 10 ml of fresh medium supplemented with 1% formaldehyde for 10 min at room temperature. The reaction was quenched by addition of glycine to a final concentration of 0.125 M. Nuclei were harvested by lysis of the cells in ice-cold lysis buffer (10 mM Tris-HCl, pH 7.5; 10 mM NaCl; 0.2% NP-40; 1ϫ complete protease inhibitor [11836145001; Roche]) at 4°C for 1 h. Nuclei were resuspended in buffer 2 (NEB) containing 0.3% SDS and incubated at 37°C for 1 h while being shaken. Triton X-100 was added to 2%, followed by incubation for 1 h at 37°C to sequester the SDS. The cross-linked DNA was digested overnight with 400 U HindIII. Digested DNA was diluted with ligation buffer (50 mM Tris-HCl, 10 mM MgCl 2 , 10 mM dithiothreitol [DTT], 1 mM ATP) to a low DNA concentration of 3 ng/l. After addition of Triton X-100 to 1%, 1 h of incubation was performed at 37°C. DNA was ligated by using 100 U T4 DNA ligase in 7 ml 1ϫ ligation buffer for 4 h at 16°C, followed by 30 min of incubation at room temperature. Proteinase K (300 g final) was added and DNA was incubated overnight at 65°C to decross-link the samples. De-cross-linked DNA was incubated for 30 min at 37°C with RNase (300 g final) and purified by phenol-chloroform extraction and ethanol precipitation. The purity assessment and loading adjustment were based on qPCR.
To prepare a qPCR control template in which all possible ligation products are present in equimolar amounts, a mouse K9 bacterial artificial chromosome (BAC) clone (9) was completely digested with HindIII and ligated at a high DNA concentration to reach a random ligation. The ligated products were diluted to the appropriate concentration to perform the standard curve for each test primer set by qPCR. Quantitative PCR analysis of 3C DNA. The TaqMan probe and bait primers were designed close to the HindIII restriction site of the c-myb promoter bait fragment. Test primers were designed close to restriction sites of each candidate interacting fragment. (Sequences of the test and bait primers and TaqMan probe are listed in Table 1 .) Two hundred ng of 3C DNA and Universal PCR Master Mix (Applied Biosystems) were used for the TaqMan real-time PCR. Standard curves were performed for each run using serial dilutions of the control template prepared from the K9 BAC clone. Relative interactions were determined by the values corresponding to the quantification of the ligation product. Values were calculated using the parameters of the standard curve (b, intercept; a, slope) as 10 (CT Ϫ b)/a . For normalization, values in different 3C samples were divided by the value of the ERCC3 internal cross-linking control (35) .
Microarray data accession number. Normalized and raw data files have been submitted to the GEO database under accession number GSE34770. a Four bait primers (B1, B2, B3, and B4) are all located within a 34-bp sequence located 100 to 134 bp downstream of the 5= HindIII site of the c-myb promoter bait fragment. Their sequences are the following (5= to 3=): B1, ATTATGGAGGCGAGAGAGGTGT; B2, TCAT TATGGAGGCGAGAGAGGTGT; B3, ATTATGGAGGCGAGAGAGGTGTCA; and B4, TCATTCATTCATTATGGAGGCGAGAGAGG. For each ligation product, the bait primer giving the best amplification efficiency was used as indicated in the table. The ligation product-specific primers (so-called test primers) were designed downstream of the 5= HindIII site of each restriction fragment (fragments 1 to 31). The sequence of the TaqMan probe used is 5=-6-carboxyfluorescein [FAM]-AATCTTTGCAGCTGCCTGC CTGTCAGC-3=BGH. Internal interaction controls were performed using the following ERCC-3 primers as described before (35): forward primer (5= to 3=), GCCCTCCCTGA AAATAAGGA; reverse primer (5= to 3=), GACTTCTCACCTGGGCCTACA; ERCC-3 TaqMan probe, 5=-FAM-AAAGCTTGCACCCTGCTTTAGTGGCC-3=BGH.
RESULTS
c-myb is expressed in tumor cell lines with provirus integrated in c-myb upstream regions. c-Myb is an essential regulator of hematopoiesis, and its expression is largely restricted to progenitor cells and is downregulated as cells differentiate (7). As shown in Fig. 1A , expression of c-myb RNA is significantly decreased in myeloblastic M1 cells induced by IL-6 to differentiate into monocytes/macrophages during a period of 5 days. Furthermore, c-myb is expressed in tumor cell lines with integrated provirus in the Mml1, Mml2, or Mml3 region at levels similar to or higher than those of undifferentiated M1 cells (Fig. 1A) . These tumor cells have either a very limited response to IL-6 compared to M1 cells or no response (Fig. 1B) . This indicates that there is a positive correlation between the presence of provirus upstream of c-myb and c-myb expression. Histone H3K4 trimethylation and histone acetylation at both the c-myb gene promoter and Mml1 are associated with active c-myb transcription. Histone modifications are implicated in influencing gene expression and genome function. To provide evidence for upstream transcriptional regulatory regions that might be involved in positively influencing c-myb expression in normal cells without proviral integration, we analyzed for enrichments of H3K4 trimethylation (H3K4me3) and acetylation of H3K9 and H3K14 (H3K9/14ac) in M1 cells. These histone modifications have been found by others to be frequently present at gene promoters at either a poised or transcriptional active state (1, 15, 17) . Distribution of these marks in M1 cells was determined by ChIP-on-chip analysis using a tiling microarray representing a 600-kb region surrounding the c-myb gene on mouse chr.10 (ϳ40-bp spacing) ( Fig. 2A) . Consistent with active c-myb in these cells, both H3K4me3 and H3K9/14ac were found at its transcription start site. Interestingly, there was also strong enrichment of these marks in the Mml1 region, with 3 peaks between Ϫ25 and Ϫ40 kb that indicate the presence of regulatory elements ( Fig. 2A and B). It should be noted that in previous studies, no transcripts were found in these regions (9) . To examine the enhancer activity of sequences representing the three peaks, E1 (3.8k), E2 (1.8k), and E3 (1.9k) fragments were cloned upstream of the c-myb promoter controlling a firefly luciferase reporter gene (Fig. 3A and B) . Luciferase assays show that sequences within one of the regions increased luciferase activity (Fig. 3C) , indicating the presence of an enhancer element. The histone modifications that were present at both c-myb and Mml1 sites in M1 cells significantly decreased when c-myb was downregulated in conjunction with IL-6 treatment (Fig. 2B) , supporting their role in c-myb transcription.
Further analysis showed that, in tumor cells with integrations at Mml1 (30C-18 and 30-3-14) and expressing c-myb, there was an increase in H3K4me3 at the c-myb promoter and at Mml1 compared to the level found in M1 cells (Fig. 2B) . In fact, the regions of enrichment were expanded in the direction of the c-myb gene. In a tumor cell line (30-2-7) with a provirus at Mml3, we observed a similar broad distribution of the H3K4me3 mark at c-myb and Mml1. We hypothesize that the presence of viral enhancers in integrated proviruses is responsible for the increase in histone modification.
H3K4me1 in the c-myb upstream region is increased and altered in location due to integrated provirus. It was reported that the distribution of the H3K4me1 mark can predict regulatory elements, such as enhancers (11) . ChIP-on-chip data showed that this modification was strikingly abundant at both Mml1 and Mml2 in M1 cells, and it was decreased at both sites when M1 cells were differentiated with IL-6 treatment for 5 days (Fig. 2C) . We also observed that, in tumors with insertions in Mml1 and Mml3, enrichment of H3K4me1 was present at all Mml regions. Compared to M1 cells, the presence of provirus at either Mml1 or Mml3 caused an expansion of this histone modification throughout the upstream region of c-myb.
Changes in H3K27me3 and H3K9me3, which are reported to be associated with the transcriptional repression states, were not found to differ largely between c-myb-expressing and nonexpressing cells (data not shown).
All three retrovirus integration regions interact with the 5= end of c-myb in tumor cell lines through DNA looping. The histone modification data above suggest the existence of regulatory elements in the distal upstream region of c-myb that correlate with c-myb expression levels. Interestingly, the presence of provirus in one region causes increases of the enhancer-associated histone marks at a distance, suggesting that there are interactions between distal loci and the c-myb promoter. Therefore, we decided to look at the spatial organization of the chromosome by applying a quan- performed in M1 cells and differentiated M1 cells with downregulated c-myb (Fig. 4A) . Prominent peaks of interactions were detected around Ϫ20, Ϫ25, Ϫ50, and Ϫ73 kb. Surprisingly, all 4 peaks were stable, in that they did not disappear with downregulation of c-myb in IL-6-treated M1 cells.
Remarkably, each of the interaction peaks was located proximal to a virus integration region, either Mml1, Mml2, or Mml3 (Fig. 4A) , suggesting that all of the proviruses upstream of c-myb come in close proximity to the c-myb promoter and affect c-myb transcription. In the Mml1 region, two interaction peaks were detected, one at the HindIII fragment 6 (Ϫ20 kb) and the other at fragment 9 (Ϫ26 kb). We have determined the proviral/chromosomal DNA junction sequences for proviruses within these two Mml1 peaks. These sequences, from tumors (30A2-2-6 and 30-3-14), are presented in Fig. 4B , and virus insertion sites are depicted by the three arrows in the Mml1 region in Fig. 4A . Many other proviruses were mapped previously to the region by Southern blot analysis (16) . The other two strong interaction peaks, corresponding to the Mml2 and Mml3 regions, were located at Ϫ50 kb (fragment 18) and Ϫ73 kb (fragment 26). The interaction frequencies of these sites are more than 4-fold higher than those of the Mml1 region. Similar to the peaks in the Mml1 region, these peaks in M1 cells did not change upon a differentiation-induced decrease in c-myb expression.
The 3C data in M1 cells suggest that provirus in the upstream region comes close to the c-myb promoter through DNA loops and thereby affects the oncogene transcription in retrovirus-induced leukemia. To determine whether the provirus indeed comes in close proximity to the c-myb promoter in tumors with retrovirus integrations, we analyzed the spatial organization of the c-myb locus in tumor cells with proviruses in Mml1 (30C-18), Mml2 (30-2-9), and Mml3 (30-2-7) . The data show that the promoter interaction regions overlap all three virus integration regions in these cells (Fig. 4C) . Our data indicate that in the nuclei of the tumor cells, virus comes in close vicinity to the c-myb promoter through integration into preformed, stable loops.
The spatial organization of the c-myb locus was also examined in NIH 3T3 cells, because this represents another tissue type, one which does not express c-myb (Fig. 4D) . Interestingly, cross-linking frequency data for the Mml1 region indicate the absence of interaction between the Mml1 region and the promoter in NIH 3T3 cells. However, cross-linking frequencies in the vicinities of Mml2 and Mml3 are similar to that in M1 cells. Interestingly, the cross-linking frequency between the third HindIII fragment (Ϫ11 kb) and the promoter was increased in NIH 3T3 cells compared to M1 cells, indicating a new interaction that might be related to gene silencing.
CTCF is recruited to the interaction regions. The CTCF protein is a multivalent factor with widespread regulatory functions, and it has been implicated in mediating intrachromosomal contacts and looping (29) . Here, we investigated the location of CTCF binding in the mouse genomic c-myb locus to see if its binding fit our model of looping at this locus as determined by 3C-qPCR. ChIP-on-chip was carried out using antibody to CTCF and the microarray described above (Fig. 5A) . Three CTCF enrichment peaks were detected upstream of c-myb, located at Ϫ31, Ϫ56, and Ϫ70 kb from the promoter (Fig. 5B) . These three CTCF binding sites overlap the provirus integration regions (indicated by red vertical arrows). The ChIP data showed that all CTCF binding sites overlap long-range promoter interaction regions (Fig. 5B) , indicating that CTCF plays a role in loop formation.
DISCUSSION
This study describes a new mechanism for gene activation by retroviruses that insert in intergenic regions. We show here that proviruses within 100 kb upstream of the c-myb gene in murine myeloid leukemias are inserted specifically at DNA sites that interact with the 5= region, including the promoter of the gene, through looping (Fig. 6) . Since a well-accepted mechanism of insertional mutagenesis is enhancer insertion, the mechanism by which the far-upstream proviruses activate c-myb may be a modification of this mechanism (22, 27) . Since it was reported that differential expression of c-myb is regulated by a transcriptional arrest mechanism in the first intron (2, 31) and the bait used in the conformation capture assay here included the promoter and a small part of intron 1, we cannot rule out the possibility that the integrated proviruses in the Mml regions act through prevention of attenuation at the elongation block.
Sequences in the LTR enhancer elements presumably are responsible for activation of gene transcription in these tumors. We previously found that proviruses integrated in the Mml1 region were deleted. The total size of some of the proviruses in 4 cases was between 0.4 and 0.9 kb, and we know that the U3 LTR sequences were present (16) . This indicates that in some cases, in the absence of structural genes, only an LTR remained in these proviruses. Although such a model could be predicted based upon recent studies that show that transcriptional activation in higher eukaryotes frequently involves the long-range action of regulatory elements (10, 24) , this is the first time it has actually been shown that the provirus is in a position to interact with the promoter and/or control region in intron 1 through a 3-dimensional chromatin structure.
In this study, we applied a quantitative 3C assay that was recently developed by Hagege et al. (8) to include TaqMan real-time PCR technology, which provides accurate measurements of crosslinking frequencies. Our 3C data show that all three Mml integration regions are close to the promoter by loop formation in M1 cells (Fig. 4A ) and in tumor cell lines with provirus in these regions (Fig. 4C) . The Mml1 region contains 2 loops, giving a total of 4 loops, and provirus was found to be inserted in each of these loops. Interestingly, M1 cells that are induced to differentiate with IL-6 and do not express appreciable levels of c-myb still maintain the same chromatin looping structure observed in cells with active transcription. Therefore, this chromatin looping structure is in- sufficient by itself for c-myb expression and may require addition of transcription factors to result in expression. Examination of the chromatin conformation in a nonhematopoietic cell line, NIH 3T3, which does not express c-myb, revealed that differences in the looping structure at the c-myb locus exist in different cell types. Apparently, a novel interaction peak that is not found in the hematopoietic cells was present very close to the promoter at approximately Ϫ11 kb. The fact that looping structures vary between tissues is supported by a recent finding showing that murine erythroid cells have a different pattern of looping than we found here in myeloid cells (36) .
The finding that CTCF binds in the vicinity of the looping structure is not surprising, in that it is known that CTCF contributes to looping associated with gene activation (12, 29) . Although we discovered 4 dominant promoter-interacting loops, only 3 were associated with CTCF (Fig. 5B) . The most proximal loop was not associated with this DNA binding protein. Interestingly, others have shown that enhancer and promoter sites are often bound by cohesin and mediator complexes in the absence of CTCF (14) . Matrix attachment regions (MARs) are evolutionarily conserved genome sequences that anchor DNA to the nuclear matrix and are reported to act as boundary elements for chromatin functional domains (23) . The MARWIZ online program was used to predict potential MARs within the region 100 kb upstream of c-myb in M1 cells. In silico data show that potential MARs are located at the boundaries of the loops identified in the 3C assay (Fig. 5B) .
Integration at a site in the genome can be a consequence of both target site selection and clonal selection, and it would be reasonable to imagine that both play a role in the far-upstream region of c-myb. When murine leukemia virus (MLV) site selection is studied in vitro, in the absence of clonal selection, it has been shown that these viruses have preferences not only for the vicinity of the 5= ends but also for insertion within a kilobase of DNase hypersensitivity sites (4, 19) . This suggests that there is a preference for intergenic regions that are involved in active transcription.
Here, we mapped histone H3 modification sites in the c-myb upstream region to identify regulatory elements that might exist in normal cells. Using ChIP-on-chip, we found that Mml integration regions in myeloid cells contain active histone modifications, especially H3K4me1 and H3K4me3, which are hallmarks of enhancers (11) . The enrichment of these marks was correlated with c-myb expression in the cell lines that we examined, indicating that c-myb is regulated from a distance in myeloblastic M1 cells. Interestingly, long-range regulation from upstream sequences of c-myb has been suggested by others who reported that a transgene integrated approximately 77 kb upstream of the c-myb disrupts sequences that regulate c-myb gene expression in megakaryocyte/erythrocyte lineage-restricted progenitor cells (25) . In addition, studies on the human HBS1L-MYB intergenic interval associated with elevated fetal hemoglobin (HbF) levels suggest that the HBS1L-MYB intergenic region contains regulatory sequences that could be important in hematopoiesis by controlling MYB expression (38) .
We did not observe a significant change in repression-associated histone modifications (H3K27me3 and H3K9me3) with downregulation of c-myb (data not shown). Perhaps these modifications are more generally involved in bivalent stem cell states and the repression of genes in early stages of development as stem cells differentiate and begin to form specialized cells (39) .
This study provides a new mechanism of retroviral insertional mutagenesis whereby looping allows an integrated provirus that is distal to a gene access to the gene's promoter and 5= control region. It is hypothesized that the enhancers of the provirus can act at the promoter in a manner similar to that when the virus is integrated directly in the 5= end of the gene and provide enhancer activity.
